Multiple-antibiotic-resistant Salmonella enterica serotype Typhimurium is a food-borne pathogen that has been purported to be more virulent than antibiotic-sensitive counterparts. The paradigm for this multiresistant/hyperpathogenic phenotype is Salmonella enterica serotype Typhimurium phage type DT104 (DT104). The basis for the multiresistance in DT104 is related to an integron structure designated SGI1, but factors underlying hyperpathogenicity have not been completely identified. Since protozoa have been implicated in the alteration of virulence in Legionella and Mycobacterium spp., we attempted to assess the possibility that protozoa may contribute to the putative hypervirulence of DT104. Our study reveals that DT104 can be more invasive, as determined by a tissue culture invasion assay, after surviving within protozoa originating from the bovine rumen. The enhancement of invasion was correlated with hypervirulence in a bovine infection model in which we observed a more rapid progression of disease and a greater recovery rate for the pathogen. Fewer DT104 cells were recovered from tissues of infected animals when protozoa were lysed by preinfection chemical defaunation of the bovine or ovine rumen. The protozoan-mediated hypervirulence phenotype was observed only in DT104 and other Salmonella strains, including serovars Agona and Infantis, possessing SGI1.
Salmonella enterica is a major cause of food-borne illnesses throughout the world (32) . Salmonellosis can present as a self-limiting diarrheal disease that does not require antimicrobial therapy. However, severe diarrhea and/or systemic infection can occur, and thus antibiotic treatment is needed. Unfortunately, numerous Salmonella strains have become resistant to multiple antibiotics. This is especially true for Salmonella enterica serotype Typhimurium, a pathogen with a broad host range. Within this serotype there exist numerous subgroups based on phage type with one particular strain, namely, phage type DT104, emerging as the predominant multiresistant Salmonella strain (30) . S. enterica serotype Typhimurium phage type DT104 (DT104) is often resistant to five or more antibiotics as the result of the acquisition of an integron structure, designated Salmonella genomic island 1 (SGI1) (2) , that contains genes encoding resistance to five different antibiotics (3) .
Besides demonstrating the multiresistant phenotype, DT104 also appears to be more virulent, especially in cattle. This is underscored by the finding that calves infected with DT104 are 13 times more likely to die than are calves infected with antibiotic-sensitive S. enterica serotype Typhimurium (14) . Additionally, humans are two to three times more likely to be hospitalized upon DT104 infection (36) . The basis for the putative "hypervirulence" is unclear since enhanced virulence might be difficult to separate from treatment failures and/or selective pressures.
Explanations for hypervirulence in Salmonella include acquisition and expression of exogenous virulence genes or overexpression of innate virulence genes. Numerous studies have failed to identify virulence genes unique to DT104; thus, the latter possibility seemed more likely. Since intestinal cell invasion by Salmonella is a major factor for initiating systemic illness (15) and since certain genetic manipulations in Salmonella enterica serotype Typhimurium can result in a hyperinvasive/hypervirulent phenotype (24) , enhanced invasiveness was previously examined as a possible explanation for DT104 hypervirulence. Two previous in vitro studies demonstrated that DT104 is not inherently hyperinvasive (1, 5) .
It is possible, however, that DT104 may be hyperinvasive in the presence of certain environmental signals, such as antibiotics, or in the presence of other microbes such as bacteria, viruses, yeast, or protozoa. Carlson et al. demonstrated that hyperinvasion was not observed in the presence of antibiotics (7) . Commensal microbes can moderately augment Salmonella invasion (25) , although this appears to be more applicable to host-adapted strains and not to serotypes with broad host ranges such as serotype Typhimurium. Perhaps the most relevant scenario is the finding that protozoa can increase the invasiveness of Legionella pneumophila (10) . Since the bovine rumen contains a wide variety and a large quantity of protozoa and since Legionella and Salmonella share some invasive characteristics (42) , it seemed possible that rumen protozoa (RPz) could play a part in the putative hypervirulent phenotype of DT104. Thus, the goal of this study was to examine the relationship between RPz, Salmonella invasion, and Salmonella pathogenicity.
MATERIALS AND METHODS
Bacterial strains and preparation. Bacterial strains are summarized in Table  1 with strain 98-420 (4) serving as the model strain for Salmonella enterica serotype Typhimurium phage type DT104. Bacteria were stored in cryopreservation tubes containing 50% glycerol-50% culture medium at Ϫ70°C and grown on Lennox L broth or agar (GIBCO BRL) with antibiotics such as ampicillin (Sigma; 32 g/ml), chloramphenicol (Sigma Chemicals; 32 g/ml), kanamycin (Sigma Chemicals; 64 g/ml), or zeocin (Invitrogen; 25 g/ml). Bacteria used in all invasion assays and in vivo experiments were transformed with pECFP (16), a pCRII-Blunt (Invitrogen) plasmid containing genes encoding enhanced cyan fluorescent protein (ECFP), kanamycin resistance, and zeocin resistance. However, one strain (MW55) of DT104 was transformed with pCRII-Blunt containing the gene encoding ECFP but lacking the zeocin resistance gene (pECFP⌬zeo). Transformation with ECFP-encoding plasmids was performed in order to visually distinguish bacteria of interest from bacteria normally present in rumen fluid.
Isolation of RPz for in vitro studies. Approximately 100 ml of postprandial rumen fluid was removed from a 12-year-old nonlactating Jersey cow fed a standard hay and grain diet. Fluid was removed through a rumen fistula that was surgically introduced approximately 9 years previously. Rumen fluid was then filtered to remove large particulate matter and mixed with an equal volume of Coleman's buffer D (12) . Protozoa were then allowed to settle for 2 h under CO 2 . Settled protozoa were aspirated and washed twice with approximately 45 ml Coleman's buffer D and then centrifuged for 20 s at 230 ϫ g. Pelleted protozoa were resuspended in 30 ml Coleman's buffer D under CO 2 . One milliliter was used for enumeration, and 3 ml (approximately 10 5 RPz) was used in each invasion assay. Genera of protozoa observed included Eudiplodinium, Metadinium, Polyplastron, Isotricha, Entodinium, Ophryoscolex, and Diplodinium, with Isotricha predominating.
Salmonella invasion assays following survival within RPz, bovine macrophages, or HEp-2 cells. HEp-2 cells and bovine macrophages (33) were separately maintained in RPMI 1640 (GIBCO) containing 10% fetal bovine serum at 37°C in a 5% CO 2 humidified incubator. Approximately 10 9 bacteria were added to approximately 10 5 RPz, bovine macrophages, or HEp-2 cells. The SalmonellaRPz mixture was then gently rolled for 16 h at 37°C in a sealed 5-ml glass tube whereas the Salmonella-tissue culture (bovine macrophages or HEp-2 cells) incubations were performed using adherent cells in tissue culture dishes for 16 h at 37°C in a 5% CO 2 humidified incubator. For the antiengulfment experiments, cytochalasin D (Sigma Chemicals) was added (1 g/ml) (27) to the Salmonellaeukaryotic cell mixture for 16 h at 37°C. At the end of the 16-h incubation period, extracellular Salmonella organisms were killed using 300 g/ml florfenicol (Schering-Plough). Eukaryotic cells (i.e., RPz, HEp-2, or bovine macrophages) were then lysed for 60 s at 4,800 rpm using 2.5 mM glass beads and a mini-Bead Beater (Biospec Products). We found that this procedure lysed 70 to 75% of the RPz. The lysate was centrifuged at 15,000 rpm for 2 min and then resuspended in 350 l Lennox L broth. Of the 350 l, 25 l was used for selective enumeration and 300 l was used for an invasion assay performed in triplicate (i.e., 100 l/well).
Invasion assays were performed as described previously using HEp-2 cells (5) with the exception that enumerations were performed using agar plates containing 25 g/ml zeocin. Briefly, bacteria were incubated with HEp-2 cells for various times (0 to 1 h) at 37°C in a 5% CO 2 humidified incubator with a multiplicity of infection equal to approximately 40. Extracellular bacteria were killed using 300 g/ml florfenicol during a 2-h incubation period at 37°C in a 5% CO 2 humidified incubator. HEp-2 cells were then lysed using 1% Triton X at 37°C, and lysates were plated on selective media and grown overnight at 37°C, followed by enumeration of green colonies on the next day. Percent invasion was calculated by dividing CFU recovered by CFU added.
Creation of DT104 strains MW55 and MW55/pInvasin. To determine if the RPz-mediated effects were specific for Salmonella invasion processes, we engineered a DT104 strain that invades tissue culture cells as a result of expressing the Yersinia enterocolitica protein designated invasin (22) . The first step was to create an ampicillin-sensitive DT104, by deleting the SGI1 beta-lactamase gene designated pse-1 (3), since the plasmid encoding invasin (pInvasin) contains an ampicillin resistance marker. A chloramphenicol-sensitive, due to a naturally occurring truncation in floR (4), and kanamycin-sensitive strain of DT104 was subjected to insertional mutagenesis using a transposon (TnZeo) containing the zeocin resistance gene (8) followed by selection of ampicillin-sensitive colonies. The second step was to create a noninvasive DT104 from a pse-1::TnZeo insertional mutant. An ampicillin-sensitive DT104 subclone (designated MW54) was subjected to a high-throughput invasion assay (6) in which noninvading bacteria, i.e., those remaining extracellular after 3 to 4 h of incubation with eukaryotic cells, were collected and propagated for subsequent invasion assays. Percent invasion began to wane after the 70th consecutive assay and became negligible after the 236th consecutive invasion assay. The resulting pool of noninvasive MW54 subclones was then cotransformed with pKLP103 (ampicillin resistance) (28), pKLP104 (kanamycin resistance) (28) , and pRW27 (a pBAD vector [Invitrogen] containing floR [37] instead of the beta-lactamase gene), which respectively encode the invasion-conferring proteins SipD, SipC, and SipB (23) . One clone, designated MW55/pKLP103pKLP104pRW27, was found to be invasive, suggesting a mutation in the sipB-sipC-sipD operon (28) . Subsequent transformations and invasion assays revealed that MW55/pKLP103 was invasive. DNA sequencing identified a point mutation in sipD that resulted in a premature stop codon for MW55.
The third step was to create an MW55 subclone that invades using invasin as its primary invasion protein. To do so, MW55 was cotransformed with pInvasin plus pCRII-Blunt (Invitrogen) containing ECFP (16) but lacking the zeocin resistance gene (i.e., pECFP⌬zeo). The zeocin resistance gene was deleted from pCRII-Blunt/ECFP by restriction digestion, using AatII and XmaI (New England BioLabs), followed by blunting with mung bean nuclease (New England BioLabs) and then self-ligation using T 4 DNA ligase (New England BioLabs). Fluorescent MW55/pInvasin/pECFP⌬zeo transformants were then selected using zeocin (resistance conferred by the transposon), ampicillin (resistance conferred by pInvasin), and kanamycin (resistance conferred by pECFP⌬zeo).
In vivo infection experiments. Salmonella cells and rumen fistula-derived RPz were incubated as described above. Calves were infected with Salmonella recovered from RPz (n ϭ 3 calves) or with RPz still containing Salmonella (n ϭ 6 calves). RPz or RPz lysates were resuspended in 350 l of Lennox L broth, of which 25 l was used for bacterial enumeration while 325 l (approximately 4 ϫ 10 8 CFU of Salmonella) was used for infection. The 325 l was placed in a gelatin capsule, and the capsule was orally introduced into 1-to 2-week-old Holstein calves (approximately 50 to 100 lb each) immediately followed by 500 ml of commercial milk replacer. Control calves (n ϭ 7) were challenged with DT104 exposed to RPz buffer (n ϭ 3) or DT104 present in HEp-2 cells (n ϭ 4). Calves were monitored for changes in appetite, stool consistency, and rectal temperature every 8 to 12 h. At 36 h postinfection, calves were euthanized using xylazine (1 mg/lb of body weight, intramuscularly; Phoenix Laboratories) and pentobarbital (2.6 mg/lb, intravenously; Fort Dodge Laboratories). The 36-hour time point was arbitrarily derived based on empirical evidence from the first calf infected with Salmonella exposed to RPz. This calf was severely dehydrated with labored breathing, and thus, euthanasia was chosen at this point. Thus, all calves were euthanized at 36 h followed by a necropsy in which tissues were aseptically removed. Tissues collected included the spleen and mesenteric lymphatic tissue (e.g., ileocecal lymph nodes, celiac lymph nodes, and gut-associated lymphoid tissues).
Ligated loop experiments were performed by inoculating approximately 4 ϫ 10 8 CFU of DT104/pECFP, either recovered from RPz or exposed to RPz culture medium, into 5-cm sections of ligated ileal sections. After 25 min, ileal sections were excised and everted and then washed three times with phosphatebuffered saline (PBS). Sections were then soaked for 1 h in PBS containing 300 g/ml florfenicol in order to kill extracellular bacteria. The ileal sections were then removed from the medium and rinsed in PBS followed by scraping of the lumen with a scalpel blade. Scrapings were placed in 250 l of Lennox L broth containing 0.1% Triton X for 30 min. Lysates were then plated on selective medium, i.e., Lennox L agar containing 25 g/ml zeocin, for enumeration of bacteria. Animal experiments were approved by the Animal Care and Use Committee at the National Animal Disease Center (protocol 3462).
Salmonella most-probable-number experiments. Tissue samples (1.5 to 3 g) taken from calves were homogenized with a rubber mallet and a stomacher. Homogenates were then subjected to the most-probable-number enumeration procedure using a series of selective medium preparations (40) containing 25 g/ml zeocin. The identity of Salmonella strains was confirmed using fluorescence, antiserum/agglutination-based serogrouping, and PCR as described previously using the cmlA-tetR amplicon (4).
Defaunation procedures. Eight-week-old Jersey calves (approximately 50 lb) or adult sheep (approximately 150 lb; various breeds) were fed a standard alfalfa and grain diet. Feed was withheld for 24 h, and then animals were orally drenched with 0.7 mg/kg of body weight of dioctyl sodium sulfosuccinate (DSS; Sigma). Following the first dose of DSS, animals were fed 50% the normal volume of alfalfa. The next day animals were given a second oral dose of DSS (0.7 mg/kg) and then fed the normal volume of alfalfa and grain. Control animals were orally drenched with water instead of DSS. Animals were infected, as described above, with approximately 4 ϫ 10 8 CFU of DT104/pECFP at 12 h following the second dose of DSS or water. Animals were monitored as described above. At 36 h postinfection, animals were euthanized as described above and spleen samples were aseptically removed. Additionally, 50 ml of abomasal fluid was removed for RPz isolation and enumeration.
Quantitative PCR. Tissues (100 mg) from infected animals were aseptically chopped into smaller pieces and processed for DNA isolation using the DNeasy tissue kit according to the directions recommended by the manufacturer (QIA-GEN, Valencia, Calif.). Since 100 mg of tissue was used for each sample, the volume of reagents used was four times that indicated in the kit directions. Total DNA was eluted in 200 l of elution buffer, and the concentration of isolated DNA was determined using a Biospec Mini spectrophotometer (Shimadzu, Torrance, CA).
Total DNA isolated from infected tissues was amplified using primers (31) specific for detection of a 250-bp sipB-sipC gene fragment of Salmonella. Briefly, 5-l aliquots of DNA (containing 48, 140, or 310 ng of total DNA from spleen, lymph node, or ileal tissue, respectively) were added to 45 l of a PCR mixture containing 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 10 mM Na 2 EDTA, 3 mM MgCl 2 , 0.2 mM deoxynucleoside triphosphates, 600 nM forward and reverse primers, and 2.5 units of AmpliTaq Gold DNA polymerase (PE Applied Biosystems, Foster City, CA). Samples were heated to 95°C for 10 min and subjected to 40 cycles of denaturation at 94°C for 30 s, annealing for 30 s at 55°C, and polymerization for 30 s at 72°C. The final extension was carried out at 72°C for 10 min followed by incubation of samples at 4°C. The amplification products were electrophoresed through a 4% agarose gel (Cambrex Bioscience Rockland, Inc., Rockland, ME), and DNA bands were visualized by staining the gel in ethidium bromide solution. The molecular size of visible bands was estimated from a DNA-sizing ladder (50-bp ladder; Gibco-BRL).
Statistical analyses. Statistical analysis was performed using an analysis of variance with Scheffe's F test for multiple comparisons. Comparisons were made between tissues or between time points (e.g., lymph nodes versus spleen or 8 h versus 36 h, respectively) or between RPz-dependent and RPz-independent data. Analyses were performed using StatView (SAS Institute).
RESULTS
Hyperinvasiveness in DT104 recovered from rumen protozoa. Various Salmonella bacteria were incubated with RPz, recovered from RPz, and then evaluated for alterations in virulence using a HEp-2 cell invasion assay. In order to visually distinguish Salmonella from other bacteria present in and around RPz, all Salmonella bacteria were transformed with a plasmid encoding a fluorescent protein (16) . This transformation also enabled the selection of Salmonella using zeocin, an antibiotic that most bacteria are sensitive to. As shown previously, this plasmid has no impact upon invasion (16) .
As depicted in Fig. 1 , DT104 was markedly more invasive than standard invasion controls after recovery from RPz. Smaller increases in invasiveness were noted following recovery from bovine macrophages or HEp-2 cells. The hyperinvasive state of DT104 was comparable to that of EE419, a recombinant S. enterica serotype Typhimurium strain that is significantly hyperinvasive due to overexpression of hilA (24) . RPz had no effect on the invasiveness of antibiotic-sensitive Salmonella enterica serotype Typhimurium strain SL1344 (41), a strain that is a model for studying Salmonella invasion (26) . Hyperinvasion was also not observed for DT104 exposed to RPz culture medium (control), RPz lysates, or RPz that were presumably incapable of engulfing bacteria due to the presence of the actin cytoskeletal rearrangement inhibitor cytochalasin D. For the cytochalasin D experiments, however, less than 1% of Salmonella bacteria were recovered, except for EE419, where up to 4% were recovered (Table 2 ).
An invasive phenotype was not conferred on noninvasive S. enterica serotype Typhimurium strain BJ68 (sipC deletion [28] ) or on S. enterica serotype Gallinarum, a poultry strain that is noninvasive for mammalian cells (39) . However, both of these strains were recovered from RPz at a percentage similar to that of DT104 as shown in Table 2 . Interestingly, EE419 was capable of invading RPz in the presence of cytochalasin, although the percent recovered from RPz was approximately 1/10 of that observed in the absence of cytochalasin.
Since the hyperinvasive phenotype could be a result of enhanced intracellular survival, the RPz-mediated phenotype was also assessed in a strain of DT104 that is unable to survive in macrophages because of a deletion in slyA (8) . This strain, LNWI(Ϫ)slyA, was capable of exhibiting the RPz-mediated hyperinvasive phenotype (Fig. 1) , although only a small percentage of bacteria were able to survive in RPz (Table 2) . One strain of S. enterica serotype Panama was also not able to survive within RPz, although the few colonies recovered were not hyperinvasive ( Table 2) .
As an additional control, Salmonella bacteria were incubated with RPz medium in the absence of RPz and then placed in a well containing both RPz and HEp-2 cells. HEp-2 invasion was measured after RPz were washed away and extracellular Salmonella bacteria were killed. The percent invasion for DT104 was 1.06 Ϯ 0.14 while that for SL1344 was 1.15 Ϯ 0.17 in this control experiment.
Temporally related onset of hyperinvasiveness in DT104 recovered from rumen protozoa. As shown in Fig. 2 , the enhancement of invasiveness in DT104 can be observed as early as 20 min following recovery from RPz. These studies provided the basis for evaluating invasion in an in vivo ileal ligated loop model shown in Fig. 5 .
Transient RPz-mediated hyperinvasiveness in DT104. To determine the duration of the effect on invasion, colonies recovered from RPz-dependent invasion assays were immediately used in consecutive RPz-independent invasion assays. As shown in Fig. 3 , the RPz-mediated effect on invasion was transient. Hyperinvasion was evident yet not as robust in the second assay and was not observed in the third assay. Interestingly, but not surprisingly, invasion for SL1344 initially increased after the first recovery from HEp-2 cells but stabilized thereafter. A similar small increase in invasion was noted for both SL1344 and DT104 recovered from HEp-2 cells or bovine macrophages (Fig. 1) .
FIG. 1. Assessment of 1-h HEp-2 cell invasion for
Salmonella recovered from RPz. Strain designations are summarized in Table 1 . Black bars correspond to Salmonella recovered from RPz. Controls included Salmonella exposed to RPz culture medium (open bars), Salmonella exposed to RPz lysates (gray bars), Salmonella recovered from RPz that were exposed to cytochalasin D (horizontally hatched bars), Salmonella recovered from bovine macrophages (diagonally hatched bars), and Salmonella recovered from HEp-2 cells (checkered bars). Percent invasion equals 100(CFU recovered/CFU added). Salmonella hyperinvasiveness related to the presence of the DT104 integron structure SGI1. To assess the possible relationship between the RPz-mediated hyperinvasiveness and SGI, we assessed invasion in other SGI-bearing strains of Salmonella. As shown in Fig. 4 , other SGI-bearing Salmonella strains were also hyperinvasive after recovery from RPz. These Salmonella strains include S. enterica serotype Agona (2); S. enterica serotype Infantis (4); and the DT104-related phage types U302, DT193, and DT120 (17) . No effect was observed for strain TH16, a wild-type strain of phage type DT104 that lacks SGI1 (4). Hyperinvasion was not observed in several multiresistant Salmonella strains lacking SGI1. These strains included S. enterica serotype Typhimurium phage type DT208 (17), S. enterica serotype Typhimurium strains 202/37 (35) and 76 (13) , and S. enterica serotype Dublin (20) . The RPz-mediated effect on invasion was also not observed in Salmonella strain MW55/pInvasin, a multiresistant DT104 strain engineered to invade using a nonspecific mechanism conferred by the invasin gene of Yersinia (22) . Table 2 summarizes the conserved nature of the RPz-mediated hyperinvasive phenotype in Salmonella possessing SGI1. The phenotype was observed only in strains possessing SGI1. However, the phenotype was dependent upon Salmonella-specific invasion genes, as evidenced by MW55/pInvasin, which contains SGI1 yet invades cells using a nonspecific mechanism.
In vivo studies employing DT104 exposed to RPz. In vivo studies were undertaken to potentially correlate the RPz-mediated effect on invasion and the reports of DT104 hypervirulence in calves (14) . To investigate this possibility, DT104 cells were recovered from RPz and immediately inoculated into neonatal calves. Additionally, DT104-loaded RPz were inoculated into neonatal calves. Neonatal calves were chosen since they are a good model for assessing Salmonella virulence and since they are natively free of RPz until about 6 to 8 weeks of age.
By inoculation of the DT104 or DT104-loaded RPz into milk, the inocula will bypass the rumen (albeit nonfunctional in neonatal calves) and be deposited in the abomasum, which is the "true" stomach of ruminants. Abomasal enzymes and acid lyse the RPz, thus liberating DT104, leading to translocation into the small intestine, the preferred invasion site for Salmonella (11) . As shown in Fig. 5 , significantly more DT104 cells were isolated from mesenteric lymph nodes and spleen for calves inoculated with DT104 recovered from or present in RPz. Additionally, significantly more RPz-exposed DT104 cells were recovered from the ileum in 25-min ligated loop experiments. Statistical analyses revealed P values of Ͻ0.0001 despite the relatively small numbers of animals, i.e., nine principals and seven controls, that were used in the oral infection studies.
Quantitative PCR (top portion of Fig. 5 ) was performed in order to assess the possibility that pathogen load may be equivalent, i.e., in RPz-dependent and RPz-independent data, but that nonviable DT104 may predominate in calves challenged with DT104 not exposed to RPz. These assays confirm that significantly more Salmonella DNA was present in tissues from animals infected with DT104 exposed to RPz. That is, differences in DT104 viability do not appear to be an issue.
As shown in Fig. 6 , pyrexia was evident only at 36 h in calves infected with DT104 exposed to RPz. At 16 and 24 h postinfection there appears to be a difference in rectal temperatures, although these differences turned out to be statistically insignificant. This is especially true at 16 h postinfection, where (1 h) for DT104 exposed to RPz. Open bars represent bacteria isolated from RPz, i.e., the first invasion assay. Black bars represent the second invasion assay, i.e., bacteria recovered from the first assay. Gray bars represent the third invasion assay, i.e., bacteria recovered from the second assay. Percent invasion equals 100(CFU recovered/CFU added).
neither group had rectal temperatures above normal (ϳ102.4°F, horizontal line).
To confirm the role of RPz in the putative hypervirulence of DT104, rumens of calves and sheep were defaunated prior to oral challenge with DT104. Defaunation was performed using DSS, a surfactant that lyses RPz. Sheep were additionally utilized since a defaunation dosing schedule has been established for these ruminants (38) . As shown in Table 3 , fewer DT104 cells were recovered from defaunated calves and sheep.
DISCUSSION
The objective of this project was to identify a possible relationship between RPz and enhanced virulence in multipleantibiotic-resistant Salmonella. RPz are active predators of microbes in the rumen, and as evidenced by the equivalent recovery of noninvasive strain BJ68 and invasive DT104 from RPz, Salmonella appears to mostly enter RPz passively. Most microbes engulfed by protozoa are digested as food, but some bacterial pathogens, like Salmonella, appear to be resistant to destruction in digestive vacuoles (18) and can even replicate within protozoa (34) . This capability may represent an unappreciated reservoir for pathogens and influence the carrier status of animals. Survival in protozoal vacuoles can also select for pathogens with enhanced virulence traits (9, 10) .
Our studies indicate that DT104, the most prevalent multiresistant Salmonella type (30) , is more pathogenic after survival inside RPz. This increase in pathogenicity appears to be related to enhanced invasion of eukaryotic cells, and not an increase in intracellular survival, since hyperinvasiveness could be observed in DT104 with diminished abilities to survive in macrophages. Additionally, it appears that this hyperinvasive phenotype extends to other Salmonella strains that possess the DT104 integron structure designated SGI1. Our hypothesis is that the enhancement of DT104 invasion is the result of an overactivation of invasion genes while inside the challenging environment of the protozoa. The hyperinvasive DT104 is then released from RPz after normal digestive lysis of RPz in the abomasum followed by translocation into the intestine, where invasion ensues.
The SGI1-dependent nature of the hypervirulence suggests that an SGI1 component may be upregulating invasion while DT104 survives within the protozoal vacuoles. SGI1 is a 43-kb chromosomal segment of genes inserted between thdF and a retron (between thdF and yidY in serotypes Agona [2] and Infantis [unpublished observations]). Approximately 13 kb is devoted to antibiotic resistance genes while the other 30 kb is characterized as plasmid-related and insertion-related genes with 10 unknown open reading frames. Studies in our laboratory have tentatively identified one of these open reading frames as a regulator of the RPz-mediated phenotype, although the molecular basis for upregulating invasion is not clear (unpublished observations).
RPz-mediated hyperinvasiveness was comparable to the invasiveness of Salmonella enterica serotype Typhimurium EE419 (EE419), a recombinant strain that constitutively expresses a global regulator of invasion (hilA), thereby maximizing invasion (24) . For both DT104 and EE419, hyperinvasiveness is transient, although hyperinvasive mutants can be continually propagated for EE419. Specifically, DT104 hyperinvasion wanes yet EE419 hyperinvasion can be maintained by selecting for the smallest postinvasion colonies. DT104 colonies isolated postinvasion, however, are uniform, thus representing a homogenous population. The postinvasion heteroge-neity observed for EE419 is likely due to repositioning of the transposon, as a means of selecting for healthier clones, in an alternative genomic location. In both situations, there is a tendency to restore the invasiveness to a baseline level that is less deleterious to the bacterium.
Invasion was unaffected for MW55/pInvasin, a recombinant DT104 strain that possesses SGI1 but weakly (compared to Salmonella) invades eukaryotic cells by means of a nonspecific mechanism conferred by a Yersinia protein (22) . While Salmonella and Yersinia have some common invasive characteristics (15, 29) , it would seem to be more appropriate to assess RPz-mediated alterations in cellular invasion for Shigella flexneri due to numerous virulence-related similarities between Salmonella and Shigella (19, 21) . This line of research was not pursued since SGI1 has not been reported in Shigella and since Shigella is not a pathogen of ruminants. Nonetheless, it appears that the RPz-mediated effects are not ubiquitous for other invasive pathogens.
Based on our findings, one preventative strategy for pathogen control may be periodic defaunation of the rumen, which would temporarily eliminate RPz. While protozoa are a normal part of the rumen microbiota, the temporary removal of these microbes does not appear to have deleterious effects upon ruminants (38) . The results of this project may suggest that periodic defaunation may indeed be warranted.
In summary, our study suggests that DT104 hypervirulence is related to a transient enhancement of enteroinvasive capabilities. This enhancement is facilitated by existence within RPz, a finding that is consistent with the observation that cattle are the species most susceptible to DT104 infection (14) . Future studies will be aimed at determining the molecular mechanisms for the RPz-mediated upregulation of invasion and assessing the feasibility and effectiveness of periodic rumen defaunation. These observations have broad implications re- 6 . Assessment of the onset of pyrexia in calves infected with DT104 exposed to RPz. Rectal temperatures were determined every 8 to 12 h for calves infected with DT104 exposed to RPz (squares, n ϭ 6) or DT104 not exposed to RPz (circles, n ϭ 4). P values, comparing RPz-dependent and RPz-independent data, are given above the RPzdependent data. The upper limit for normal bovine rectal temperature (ϳ102.4°F) is indicated by the horizontal line. a Calves and sheep were defaunated using DSS or treated with water as described in Materials and Methods. Enumeration of RPz from the rumen revealed that defaunated animals had no detectable RPz while nondefaunated animals possessed 10 4 to 10 5 RPz/mL. The data represent most-probable numbers of DT104 recovered from calves (n ϭ 6) or sheep (n ϭ 6) at 36 hours following an oral infection. P values were derived using an analysis of variance with Scheffe's F test for multiple comparisons. Comparisons were made for water versus DSS treatments within an animal species.
lating to microbial pathogenesis, rumen microbial ecology, and pathogen reservoir status.
